Abstract -Optimizing equipment selection in heavy earthwork operations based on economical operation analysis has a primary role in the success of major construction projects. Economical operation analysis is conducted for an equipment fleet while taking into consideration the owning and operating comprehensive costs involved in most of earthwork operations. The proposed model is developed in a Microsoft environment utilizing Visual Basic for Applications®. Implementation of the model provides optimum equipment fleet to perform earthwork operations by providing the user with a final optimized report that includes ownership and rental comprehensive costs. The model is validated through a case project to illustrate its numerical capabilities and quantify its degree of accuracy. Results are anticipated to be of major significance to contractors and would contribute to the database of fleet management systems by incorporating a computer model that integrates heavy equipment operation analysis with its corresponding comprehensive economical analysis.
Introduction
Equipment selection is a critical factor in the execution of many construction projects. This is to be much more critical in heavy construction projects where equipment fleet plays a vital role in performing the work. In this type of projects, the equipment fleet may represent the largest portion of the bidding price [12] . Consequently, successful contractors and construction managers understand the substantial impacts on their projects when equipment management decisions are not made in a proper and timely manner. Since equipment selection is highly influenced by myriad factors, most contractors tend to rely upon their historical data and experience in similar projects to assist them in determining the optimum fleet. While this is a good approach at the conceptual stages of the project, it is not sufficient to build the equipment fleet benchmark due to the dynamic nature of construction projects. Other approaches such as expert systems could be useful if only integrated with a database of historical data. Moreover, decision-makers are in dire need to a decision-support system that evaluates factors for optimal decision which necessitates incorporation of equipment operation analysis into such systems. Although operational analysis for heavy equipment selection is still important, such analysis possess limitations and shall soon reach the point of diminishing effects since most of what can be extracted from practices had already been tried. Hence, it is of major significance to integrate economical operation analysis incorporating owning and operating comprehensive costs into fleet management systems as it promises a good potential of success as well as major improvements in equipment productivity unit cost rate. Therefore, the main objective 2 of this study is geared towards developing a decision-support system utilizing a linear cost optimization approach for heavy equipment selection in order to assist contractors in this multifaceted task.
Literature Review
Presently, the majority of the studies published in the literature focus on the optimization of equipment selection in heavy civil work based on diverse complex factors; however, none of the studies were to include or perform economical operation analysis. One study conducted by Moselhi and Marzouk [11] addressed cost estimation of heavy earthmoving operations. In their study, an equipment cost application system for time and cost estimation of heavy earthmoving operations was developed. The system was then verified by a numerical example with a detailed step-by-step description of the procedure to be followed. This study is of major significance at the conceptual stage of a construction project and is limited to initial costs anticipated for earthmoving operations. Another study conducted by Marzouk and Moselhi [9] addressed cost applications without considering complex factors in heavy equipment operation analysis. In their paper, an object-oriented simulation model for earthmoving operations was developed. The model was implemented in a Microsoft environment to enhance its components integration capabilities with the Visual Basic 6.0 code. The proposed model consists of a simulation program, a database and cost applications, and an optimization and reporting module. At the end, the study was verified with a numerical example by comparing the corresponding outputs of the Caterpillar"s software to the developed earthmoving simulation program. It was concluded that results were in good agreement with a percentage difference less than 8%. Also, it was found that simulation program is considered more accountable than the Caterpillar"s software for uncertainties that arise during the execution of earthmoving operations. The main focus of their paper, however, was targeted towards the simulation program only.
Different methods and models have been proposed to optimize equipment selection for different types of activities. These models are proposed for specific types of construction work due to the many factors that contribute to equipment selection. Furthermore, researchers have focused on developing expert systems in an attempt to assist construction managers and contractors in selecting the fleet of equipment needed for their projects. These studies; however, did not incorporate equipment operation analysis and associated costs. Alkass and Harris [1] developed an expert system model to select the "best" fleet of equipment needed in road construction and earthmoving operations based on resources collected from field practitioners such as planning engineers and equipment specialists. The development of the expert system comprised four main stages. The first stage of the study was to identify tasks and job conditions. Following the identification of tasks and job conditions, equipment selection was commenced based on broad categories. After that, equipment fleet was matched with the proper category. Towards the end, the selection of equipment fleet was made while taking into consideration factors from earlier stages. Amirkhanian and Baker [2] developed a rule-based expert system model for selecting earthmoving equipment. As part of developing the expert system, a rule-based expert system was used for selecting earthmoving equipment. The system was developed to interpret data pertaining to soil conditions, operator performance, and volume required for the earthmoving operations. Haidar et. al. [8] developed a model for optimizing excavating and haulage operations and the utilization of equipment in opencast mining. Their model was based on a decision-support system for the selection of opencast mine equipment. As part of developing the decision-support system, a hybrid knowledge-base system and genetic algorithms were used to design the system. Shapira and Goldenberg [14] developed a model based on an analytical hierarchy process. The model was intended to provide solutions for two main issues as follows: (a) systemic evaluation of soft factors, and (b) weighing of soft benefits when compared to costs. Also, the developed model was capable of providing users with results to compare with different alternatives based on several criterions. Output results would be the selection of equipment based on highest score.
Other studies have addressed significant factors that influence operation analysis. For example, a study conducted by Marzouk and Moselhi [10] developed a fuzzy clustering model for estimating haulers" travel time capable of being integrated with diverse simulation and estimation models. The proposed model exploits regression analysis and subtractive clustering and was implemented by means of Visual Basic for Applications in a Microsoft environment. Results obtained from the developed model were in good agreement with the results obtained from the Caterpillar"s software. Towards the end, a practical example was illustrated to demonstrate the implementation of the model.
As discussed above, the challenge to determine the "best" method to optimize equipment selection has inspired many researchers and, therefore, various methods and models had been proposed. However, the majority of the studies presented in the literature did not consider economical operation analysis. Instead, the studies focused on developing systems, algorithms, or frameworks in an attempt to assist the user in the selection of equipment 3 fleet in heavy civil operations. Moreover, most of these studies included time and cost estimation at the conceptual stage of the project; however, this proposed study includes economical operation analysis at the conceptual stage and following the commencement of the project. In addition, few studies considered numerous important factors for decision-support systems; however, none of them had specifically viewed a project as a task or process that needs to be completed following critical budget and time constraints. Moreover, the original heavy equipment manufacturer, Caterpillar®, supplies the construction market with a fleet production and cost analysis software to maximize equipment productivity in an attempt to increase gains and possible profit. The main goal of the software is to predict long-term productivity as well as costs of equipment without taking into consideration the owning and operating comprehensive costs that arise following the purchase of equipment. Moreover, the Caterpillar software does not provide the user with an alternative to the purchase of new equipment. Therefore, the proposed optimization tool incorporates an economical operation analysis which incorporates owning and operating costs of selected equipment fleet configuration (i.e. hourly fuel consumption, lubricant charges, repair reserves, tire replacement, etc) and provides the user with a hire/rental alternative supported by universally accepted metrics of cost to evaluate the success of a construction project.
Equipment Economics
For construction projects, especially the heavy civil work projects, equipment is comprehended as one major resource that project managers rely upon to perform the required work. Equipment may be either owned or rented for a period of time. According to Schaufelberger [15] , equipment fleet may represent the largest investment in the long term for construction companies. Economic analysis of equipment must be obtained in order to properly determine optimum fleet. This step is considered critical in order to evaluate the rental option and to support decision-makers while making their decisions. The economical analysis of construction equipment is mainly focused on determining the owning and operating costs as well as the economical life for each type of equipment [9] . In order to properly complete the equipment economical analysis, all costs associated with the selected equipment must be considered. In this study, Caterpillar® Performance Handbook [5] was used to obtain data pertaining to owning and operating costs.
Equipment Selection
Equipment selection is a critical factor in construction projects. Rational selection of equipment leads to profits for contractors. At the same time, miscalculating the proper size and number of fleet required for the project may result in losing the contract or suffering from overhead costs [16] . Therefore, contractors consider selection of equipment fleet a vital factor for any construction project to be successful [10] .
A. FACTORS AFFECTING EQUIPMENT SELECTION
The main consideration in any endeavor is to get the job done according to timeframe and cost limitations. In order to achieve this goal, proper calculation of productivity rates for the fleets while considering variable factors is required. According to Gransberg et. al. [7] , the first factor to consider would be matching the right equipment to the proper type of activity. Another factor would be the availability of the right equipment with proper service, maintenance, and repair reserves. Besides previous factors, Gransberg et. al. [7] proposed two factors that can be considered when selecting proper equipment: (i) type and condition of the site work; which includes the distance to be traveled; and (ii) desired productivity; which is a critical factor that affects equipment selection. Furthermore, Schaufelberger [15] stated two general factors that should be considered in the process of selection of equipment fleet: (a) cost effectiveness; which involves considering the size of equipment besides the proper type; and (b) versatility; which involves selecting equipment that can perform multiple tasks at the site work.
Model Development Methodology
Economical operation analysis of selected types of equipment is considered essential for developing the optimization model. The analysis is performed for seven major activities of earthwork: 1) clearing and grubbing; 2) excavating; 3) loading; 4) hauling; 5) backfilling; 6) grading; and 7) compacting; while taking into consideration the variable factors affecting the equipment productivity.
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The development of the model comprises of the following four main phases; (a) data collection, (b) operational analysis, (c) economical analysis, and (d) optimization process. As part of collecting data, a database of equipment specifications and scope of work related parameters was created. Then, a set of equipment operational analysis formulations as specified in the Caterpillar Performance Handbook® were utilized to assist in estimating equipment productivity based on project duration and specified scope of work while satisfying all equipment-related constraints. Following the equipment operational analysis, an economical analysis based on owning and operating comprehensive costs was conducted for all equipment based on their corresponding production rates obtained from the previous phase. After that, an equipment fleet is selected based on a linear cost optimization approach. A final optimum report, providing equipment ownership and/or rental options, is then presented to the user. A detailed description of the four main phases of the proposed model is presented in the next paragraphs. Figure 1 summarizes the model development methodology. 
A. DATA COLLECTION
The most important step in analyzing equipment operations underlies understanding the characteristics of the materials to be moved; which in turn affects the type of equipment required to successfully complete the project. Therefore, diverse material properties were extracted from Caterpillar® Performance Handbook and implemented into the developed model. Also, mathematical formulations identified in the handbook and pertaining to the operation analysis were incorporated into a set of modules to conclude the data collection phase. Some of these data had to be tabulated in order to enhance the model"s capability of interfacing the data with information entered by the user. Furthermore, it is important to note that the database of information incorporated into the modules possess a variety in the equipment capacity, power, and maximum allowable weight which enables the developed model to be applied for any construction project regardless of the volume of materials involved.
B. FORCES AFFECTING MOTION OF EQUIPMENT
Self-propelled equipment gets the power needed from the engine. However, there are certain parameters that need to be considered when conducting the economical operation analysis. These parameters are: (a) total resistance force; (b) traction; (c) power; and (d) effects of altitude [6] . Prior to optimzation, all of these factors were taken into consideration while conducting the economical operation analysis of equipment fleet.
C. METHODOLOGY OF ESTIMATING PRODUCTIVITY
Equipment productivity is a key factor that enables contractors to make decisions regarding project scheduling, fleet selection, and project costs. In this study, the estimation of productivity rates was performed for each type of equipment individually. Figure 2 illustrates the detailed methodology of estimating productivity. 
D. FORCES AFFECTING MOTION OF EQUIPMENT
Operation analysis of all equipment incorporated into the database was carried out to determine the constraints that must be satisfied by each piece of equipment. The first constraint was defined as the loaded weight. The loaded weight must not exceed the maximum allowable weight set by the manufacture. This constraint is expressed by the following relationship:
1.
RW LW 
Where; LW is the loaded weight and RW is the rated weight. The second constraint is defined as the total resistance. The total resistance must not exceed the allowable rim-pull. This constraint is expressed by the following relationship:
2.
RP TR 
Where; TR is the total resistance; and RP is the allowable rim-pull.
If any of the abovementioned constraints is not satisfied, the model will automatically eliminate the equipment from the optimization process. All the aforementioned corresponding calculations are organized in different forms based on the equipment type to ease the development of the model.
Following the determination of equipment constraints, productivity rates were estimated. In this paper, the estimation of productivity rates is performed for each type of equipment individually. Productivity rates were determined based on equipment specifications data and location specific parameters (i.e. soil type, traveled distance, altitude, and job conditions).
E. COST ANALYSIS
The data related to the equipment owning and operating costs are necessary for optimizing the equipment selection. It is, after all, a "risk versus possible profit" cost minimization analysis while taking into consideration factors and constraints that govern the selection process. Afterwards, an owning and operating cost analysis module that is linked to the optimization module was implemented. The module incorporates a series of expressions used to execute necessary calculations such as; calculating the time required to complete a particular earthwork operation, and estimating the unit cost of a single piece of equipment. As part of estimating the unit cost of particular equipment, widely-applied depreciation methods for heavy equipment were included as follows; a) straight-line method, b) sum-of-years" digits, c) double-declining balance, and d) Internal Revenue Service (IRS-prescribed). The estimated life of equipment may be altered upon user discretion. Moreover, the following four main performance-dependant parameters based on loading and operational conditions were taken into consideration while implementing the cost analysis module: 1) fuel consumption, 2) life time repair, 3) service cost factor, and 4) typical tire life. These parameters were incorporated into the module along with their corresponding tables as published by the Caterpillar Performance Handbook. Then, the economical analysis of all equipment is carried out to evaluate ownership and/or rental options. The common cost for both ownership and rental options is the operational cost. Expression (3) was used to estimate the time needed to complete a particular activity based on equipment productivity rate obtained from the operation analysis. For the purpose of this study, one working shift comprising of eight hours a day is assumed for the productivity rate. Therefore, the time required to complete a particular job is measured by the number of working days needed to haul the specified volume of earth material based on equipment productivity rate. 
Optimization Process
Generally, optimization is the process of maximizing or minimizing the objective function while taking into consideration the prevailing constraints [4] . To optimize equipment selection, one must understand all related constraints. Failure to do so may lead to erroneous results in the final output.
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The main objective of this decision-support model is to minimize cost and obtain the required fleet for a particular activity. Linear programming (or linear optimization) is the methodology used for determining optimum fleet. In this paper, an optimum fleet is defined as a set of selected equipment that will yield to the least ownership and operating combined costs. However, since owning and operating costs are inversely proportional to equipment operation analysis, the optimum fleet is selected based on performance and economical efficiency. For example, if a particular equipment fleet has the maximum productivity rate, it is going to yield the least owning and operating costs and vice versa. The optimized fleet was obtained by using the cost minimization approach in a given mathematical model for a list of requirements and constraints represented as linear relationships. All constraints obtained from the operation analysis are represented in a mathematical form and incorporated into the optimization module. The constraints, however, limit the degree to which the objective function can be pursued [3] . Equation (6) was then used to select the equipment with minimum unit cost:
Where; i is the number of equipment and EU is the equipment unit cost.
It is important to note that the model accounts for a time-cost tradeoff that occurs during the selection process. In other words, the model is designed in a manner to extract the project duration entered by the user and compares it with the required time based on the volume of earth material involved and corresponding productivity rates. For example, if the project duration data inputted by the user is less than the required time obtained from the model calculations, the model will select an optimum fleet with much higher costs and vice versa.
To summarize the development process of the model, Figures 3 and 4 are created to identify and organize the model"s components and to achieve a better understanding of the relationship that exists between the different components. Following the setup of the optimization process, a major obstacle was encountered when developing the hauling-loading system. The goal was not only to optimize the haulers selection but to also optimize the hauling-loading system as a whole. Figure 5 illustrates the procedures implemented in the model to overcome the obstacle and obtain the optimum hauling-loading fleet. 
Model Implementation
The model is developed by using Visual Basic ® for Applications in Microsoft Excel. The main purpose of the model is to facilitate the interface between operational analyses, user input data, and optimization functions. The modules are organized by activity names where every activity has four sub-modules. The modules are as follows: 1) an operation analysis module that contains equipment operation calculations; 2) an economic analysis module that includes all owning and operating costs-related parameters and calculations; 3) an optimization module that displays optimization results; and 4) a report module which contains output reports that summarize results extracted from the optimization module. The following paragraph illustrates a step-bystep procedure of the model"s user friendly interface.
At first, the user would select the required earthwork activity from a gateway as shown in Figure 6 . At this time, the user must enter job specific data required to execute necessary calculations. It is important to note that the data required for the economical operation analysis vary from one activity module to the other; however, (a) material density, (b) fill factors, (c) safe factors, (d) time constraints, (e) amount of work, and (f) operational efficiency is a common list of data variables among all seven activity modules. The amount of work to be undertaken is measured in terms of volume of earth material in loose cubic yard and is taken into account as a user-input parameter which is in turn used by the economical operation analysis to obtain the optimum fleet. Figure 7 illustrates the hauling activity module where the highlighted cells are dropdown lists for selecting predefined values. At last, the user is required to click on the validate button to ensure all constraints are satisfied. If any of the constraints set by the model were not satisfied, an error message pops up to inform the user that some equipment will not be considered in the optimization process. After reviewing all of the operation analysis calculations, the user will have to click on the owning and operating cost button for fleet cost-related calculations. When completed, the optimization button has to be clicked on for optimum fleet results. Figure 8 illustrates the hauling-loading report that summarizes results. In Figure 8 , although total fleet productivity (154.28 LCY/hr) is identical for both alternatives, unit cost ($/LCY) is $2.07 and $2.45 for the owned fleet and rental option respectively. The reason behind this difference underlies the total hourly ownership and operating comprehensive costs. In other words, the total hourly ownership and operating comprehensive costs for the owned fleet is less than those of the rental option by approximately 18%.
Case Example
To validate the model, a case project collected from the literature comprising of the construction of a dam was selected. The project was phased into three stages, each at different elevation and spanning a complete construction season. Table 1 The challenge underlying the model validation is to select the optimum fleet necessary to execute the construction. However, based on the available data, the model will be utilized to select the optimum haulingloading system. Subsequently, the results will be compared with the collected case project data.
Prior to inputting data, a list of assumptions was made as follows: 1) gear efficiency = 0.85; 2) operational efficiency = 50 (min/hr); 3) job conditions = average; 4) altitude = 2,500 ft; and 5) tire penetration = 3 in. It is important to note that the following list of assumptions was made based on normal job conditions. However, if geographical constraints were encountered, these factors may increase or decrease accordingly. For example, if the job terrain encountered is rough and located at higher altitudes above sea level, gear and operational efficiency factors will decrease and tire penetration factors will increase. These changes in factors will significantly influence equipment production rate which in turn affects optimum fleet results.
After entering all necessary information, the model selects the optimum hauling-loading fleet system. The results include the number of haulers and corresponding number of loaders needed, combined fleet productivity (LCY/hr), unit cost ($/LCY), and the total cost ($) of the project based on ownership and operational costs. The main goal is not only to compare the actual data with the model results, but also to discuss and understand the differences, if any. It should be noted that the model eliminated few haulers from the optimization process because the loaded weight exceeded the corresponding maximum weight. This could be avoided if the truck was not fully loaded. However, in the model, all of the haulers are assumed to perform at their maximum capacity. Also, it is important to note that results are obtained with neither time nor cost constraints. Prior to comparison of results, it is important to note that these optimum fleet obtained are for earthwork activities only. The obtained results were compared to the actual data and found in good agreement with a percentage difference ranging between 3.5% -16.4%. The discrepancy between the results may be due to the multiple assumptions made as well as to the availability of resources at the time of construction. For example, tire penetration is assumed to be 3 inches. If this value is to change, the optimum fleet would be instantly affected. Also, the productivity is estimated based on an off-site methodology. Moreover, the results are based on the combined optimization of cost and time analysis of the selected fleet without taking into consideration any constraints associated with these two parameters. For more accurate results, the data should always be obtained from the actual site and historical data. The overall results showed that the accuracy of the model varies depending on the soil type, tire penetration, altitude, travel time, and project duration. Table 3 summarizes total project costs in present dollars based on model estimation and actual data. When comparing results related to the rock material, it is clear that the developed model has limitations. However, economical optimization of equipment fleet operating on diverse types of soils proved the workability of the model. Moreover, multiple assumptions made in this case study had significant impacts on model results. 
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Summary and Conclusions
This paper had discussed the development of a model that assists contractors plan for heavy earthmoving operations by integrating equipment specifications and cost data with user input data. The operation analysis of different types of equipment was carried out to support the outcome of the model in order to determine the constraints which govern equipment selection and the production rate for each type of equipment. The actual accuracy of the model is highly dependent on the type of soil and user entries. The model was then validated through a case project selected from the literature and its outputs were compared with the project data.
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It was concluded that the model possess some limitations with regards to providing optimum fleet results. It is necessary to mention that the optimization model was developed as an estimation tool that can be used to estimate the required fleet for a particular construction project. Estimation results are based on user entries and are homogenous in type. The homogeneity of optimum results is one major limitation of the developed model. Moreover, output results of the hauling-loading complex activity are usually influenced by the availability of a spare hauler in case of a break-down event. In this study, a spare hauler is considered to be available regardless of unforeseen circumstances and is; therefore, a second limitation of the proposed model. Presently, the proposed model provides the optimum fleet that is capable of performing the job. However, the model does not estimate the required types of equipment to perform the excavation of hard rock surfaces. The proposed model can be utilized in projects that involve a large volume of earthwork. This capability provides the model a great advantage over other optimization algorithms, prototypes, or models published earlier in the literature. Also, results presented in this paper are anticipated to be of major significance to the construction industry and would contribute to the database of fleet management systems. Presently, the proposed decision-support system is available and being developed in an object-oriented program to enhance its capability of integrating it with a computer-aided design software that performs structural analysis of bridges.
